high-pressure experiments, we anticipated observing this effect in our hardness measurements as well. Indeed, Fig. 2A shows that there is a substantial difference between the highest and lowest measured hardness across grains of ReB 2 under the same load. This observed spread in hardness values at constant load can be attributed to the anisotropic structure of ReB 2 , combined with our inability to control the crystallographic orientation of the tested grains. For example, under a load of 4.9 N, the highest measured hardness is 32.5 GPa and the lowest obtained value is 26.0 GPa.
We can begin to understand this variation in hardness by using electron backscattering diffraction to measure the orientations of the grains studied (Fig. 2, C and D) . The results indicate that indentations parallel to the (00l) planes yielded the lowest average hardness, a value of 27 GPa. In contrast, indentations along directions that contained a larger component parallel to the c axis [that is, perpendicular to (00l )] resulted in measurements with an average hardness of 31 GPa, an increase of 15%. The dependence of hardness data on crystallographic orientation can be explained by the presence of the same slip planes described above. Furthermore, because similar anisotropic behavior is observed in the high-pressure data, we conclude that the radial diffraction study elucidates the plastic behavior of the material, giving an indication of the yield strength rather than merely measuring elastic behavior.
In our microindentation experiments to date, we have found no grains with pure (00l) orientation. As a result, our data demonstrate a minimum average hardness. It is likely that these planes parallel to (00l), which we were unable to directly measure, will have an even higher hardness and are responsible for scratching diamond (Fig. 2B) In possessing a lone pair of electrons and an accessible vacant orbital, singlet carbenes resemble transition metal centers and thus could potentially mimic their chemical behavior. Although singlet di(amino)carbenes are inert toward dihydrogen, it is shown that more nucleophilic and electrophilic (alkyl)(amino)carbenes can activate H 2 under mild conditions, a reaction that has long been known for transition metals. However, in contrast to transition metals that act as electrophiles toward dihydrogen, these carbenes primarily behave as nucleophiles, creating a hydride-like hydrogen, which then attacks the positively polarized carbon center. This nucleophilic behavior allows these carbenes to activate NH 3 as well, a difficult task for transition metals because of the formation of Lewis acid-base adducts.
T he activation of enthalpically strong small molecules such as molecular hydrogen (H 2 ) and ammonia (NH 3 ) has attracted considerable interest over the years. The first observation of H 2 splitting dates from the end of the 19th century, when Sabatier observed the formation of ethane in the addition of H 2 to ethylene over thin slivers of lightly heated reduced nickel (1). Since that time, most of the chemical and biological systems that have been found to split H 2 involve a transition metal center. Even for the so-called iron-sulfur clusterfree hydrogenase (Hmd), it has recently been shown that an iron center was of functional importance (2, 3). The only nonmetallic systems reported to cleave H 2 under mild experimental conditions (4-7) are phosphine-borane species (8, 9) and a stable digermyne (10).
In contrast to dihydrogen, ammonia usually forms simple Lewis acid-base adducts with transition metal complexes, as observed first by Werner in the late 19th century, because of the presence of a lone pair of electrons at nitrogen (11) . Consequently, examples of NH 3 splitting are still very rare (12) (13) (14) (15) (16) (17) .
The activation of H-X and particularly H-H bonds requires that the pair of bonding electrons be perturbed in some way so as to form a chemically active species. The digermyne has substantial diradical character and therefore reacts through H atom abstraction from H 2 , followed by recombination of the resultant radical pair (10) . In contrast, the splitting of H 2 at a transition metal center results from the primary interaction of a vacant orbital at the metal and the s-bonding orbital of H 2 (18) (19) (20) (21) (22) (Fig. 1) . When concomitant back-donation from a filled d orbital to the anti-bonding s* orbital of the bound H 2 is sufficiently strong, homolytic bond cleavage occurs. Otherwise, the acidic h metal-bound ligand. This latter type of process is often referred to as heterolytic cleavage and is also probably operative for phosphine-boranecontaining species (8, 9, 23) .
A singlet carbene has a vacant orbital and a filled nonbonding orbital (24, 25) and in that respect resembles transition metal centers. Although the spatial disposition of a carbene's orbitals is not as ideally suited for interaction with hydrogen as that of a metal, we reasoned that sufficient overlap might still occur and thus enable activation of H 2 (Fig. 1) .
Herein we report that stable, singlet, acyclic and cyclic (alkyl)(amino)carbenes 1 (26) and 2 (27) undergo a formal oxidative addition of H 2 . Calculations predict that the transition state results from the primary interaction of the carbene's lone pair of electrons with an H 2 antibonding orbital; thus, the carbene acts as a base toward H 2 , creating a hydridelike hydrogen that attacks the positively polarized carbon center. This hypothesis of a nucleophilic activation process is reinforced by observation of the reaction of 1 and 2 with NH 3 . Because of the strong nucleophilic character of these carbenes, no "Werner-like" adducts can be formed, and hence N-H bond cleavage occurs smoothly.
It has already been shown that cyclic di(amino)carbenes (NHCs) (28, 29) do not react with H 2 (30) nor with CO (31), whereas the latter adds to both acyclic and cyclic (alkyl) (amino)carbenes 1 and 2 (32). According to our calculations (33), the highest occupied molecular orbital (HOMO) and the singlet-triplet gap for the model mono(amino)carbenes (1′, 2′, and 2″) are slightly higher and significantly smaller in energy, respectively, than those of NHC 3′ and acyclic di(amino)carbene 4′ (Table 1) . Consequently, carbenes 1 and 2 are slightly more nucleophilic, but considerably more electrophilic (34), than NHCs 3 and are therefore better candidates for transition metal-like behavior. This hypothesis was borne out upon bubbling H 2 through a solution of (alkyl) (amino)carbenes 1 and 2 at 35°C, because clean reactions occurred, and after purification adducts 5 and 6 were obtained in~30% yield (35) as colorless crystals (Fig. 2A) . All compounds were fully characterized by standard spectroscopic methods, including a single crystal x-ray diffraction study for 6a ( fig. S1 ) (36). We confirmed that cyclic bis(amino)carbene 3 (37) does not react with hydrogen under our experimental conditions and found that the acyclic version 4 (38) is similarly inert.
The calculated energy changes (DE) (Fig. 4 , Table 1 , and table S3) show that although the reactions of all carbenes with H 2 are exothermic, the reactions are significantly more favored for mono(amino)carbenes (1′, 2′, and 2″) than for di(amino)carbenes (3′ and 4′). More importantly, the activation energy is at least 40 kJ/mol lower in the case of the mono(amino)carbenes, which readily rationalizes our experimental results.
For the addition of H 2 to model compound 2′, we further calculated the geometric parameters of potential intermediate structures along the reaction pathway (Fig. 2B) . According to the lowest energy simulated trajectory, the H 2 molecule approaches the carbene as depicted in Fig. 2B . In the transition state, the H-H bond distance (1.071 Å) is comparable to those found for purely s-bonded H 2 transition metal complexes (1.0 to 1.2 Å) (compare with the bond distance in H 2 gas of 0.77 Å) (20) . The H 2 molecule becomes polarized, and the positively charged H (+0.178) is already bonded to the carbon (1.206 Å), whereas the pseudohydridic H (-0.195) remains further away at a distance of 1.924 Å. The H-H bond then elongates further (1.388 Å), engendering greater hydridic character (-0.243) to one of the H atoms, which nonetheless remains distant from the carbon center (1.807 Å). Stereochemical inversion at the carbon center then allows the formation of the second C-H bond. This net process is a hybrid between a homolytic and heterolytic cleavage. However, in contrast to the electrophilic activation and proton transfer pathway favored by transition metal centers, carbenes act by initial nucleophilic activation, followed by hydride transfer.
Because H-H and N-H bond dissociation energies are comparable, the main obstacle for the activation of NH 3 by transition metals is the electrophilicity of the metal, which instead favors the formation of Werner-type amine complexes. Having observed the nucleophilic mode of activation of H 2 by mono(amino) carbenes 1 and 2, we considered it likely that these carbenes would also activate the N-H bond of ammonia, although it is known that NHCs do not (39) . Our calculations (Table  1 and table S4 ) predicted comparable reaction barriers to H 2 activation and a less favored, but still exothermic, driving force. Consistent with these computational results, both carbenes 1 and 2 rapidly react with liquid NH 3 , even at -40°C, cleanly affording adducts 7 and 8, respectively (Fig. 3A) . The compounds were isolated in >90% yield, and compound 8b was crystallographically characterized (Fig. 3B) .
The mode of approach of NH 3 to 2′ is calculated to be very similar to that observed with H 2 . In the transition state, one of the N-H bonds is very long (1.500 Å) and strongly polarized, with the positively charged H (+0.316) tightly bonded to the carbon (1.155 Å) and the pseudo-amide fragment (-1.042) remaining distant from the carbon center (2.314 Å). Importantly, the nitrogen lone pair is pointing away from the carbene vacant orbital, supporting the nucleophilic character of the activation process (Fig. 3B) .
The results reported here show that stable singlet carbenes can mimic to some extent the behavior of transition metals. Like the latter, the electronic properties of carbene centers can be Fig. 1 . Schematic representations of modes of activation of H 2 at a transition metal center (top) and a hypothetical extrapolation of a similar process at a carbene carbon (bottom); filled orbitals are in black, and vacant orbitals in gray. Table 1 . 
